Most organic matter can be used for bioenergy generation via anaerobic fermentation. Today, crop plants like maize play the dominant role as substrates for renewable biogas production. In this work we investigated the suitability of six dominant microalgae species (freshwater and saltwater algae and cyanobacteria) as alternative substrates for biogas production. We could demonstrate that the biogas potential is strongly dependent on the species and on the pretreatment. Fermentation of the green alga Chlamydomonas reinhardtii was efficient with a production of 587 ml (±8.8 SE) biogas g volatile solids −1 (VS −1 ), whereas fermentation of Scenedesmus obliquus was inefficient with only 287 ml (±10.1 SE) biogas g VS −1 being produced. Drying as a pretreatment decreased the amount of biogas production to ca. 80%. The methane content of biogas from microalgae was 7-13% higher compared to biogas from maize silage. To evaluate integrative biorefinery concepts, hydrogen production in C. reinhardtii prior to anaerobic fermentation of the algae biomass was measured and resulted in an increase of biogas generation to 123% (±3.7 SE). We conclude that selected algae species can be good substrates for biogas production and that anaerobic fermentation can seriously be considered as final step in future microalgae-based biorefinery concepts.
ances and therefore most likely can never play a major role in global 48 energy supply, whereas "second generation" biofuels, which con-49 vert the whole plant (e.g. biomass-to-liquid or biogas fermentation) 50 offer far greater potentials (IEA, 2010) .
51
In general, the use of plant biomass for energy generation today 52 is problematic because of the competition with food or feed produc- algal biomass remains as a waste product. In the context of bioen-88 ergy production with microalgae it has been suggested that residual 89 algal biomass should be converted into biogas via anaerobic fer-90 mentation (Chisti, 2007; De Schamphelaire and Verstraete, 2009 ).
91
Although research in the field of microalgae as substrates for bio-92 gas production is very limited (Golueke et al., 1957; Hernandez and 93 Cordoba, 1993; Legros et al., 1983; Samson and LeDuy, 1986 ; Yen In this study we determined the potential of six dominant 97 microalgal species as a substrate for biogas production. In addition,
98
we tested the influence of drying as a pre-treatment. The appli-99 cation of microalgae in a two-step biorefinery process (1st step 100 hydrogen production, 2nd step fermentative biogas production) 101 was investigated with the green microalga C. reinhardtii. were washed and re-suspended in sulfur-free medium. 
167
The suitability of fresh microalgal biomass as substrate for the 168 production of biogas was assessed in anaerobic fermentation batch 169 tests over a period of 32 days (Fig. 1 ). Equal amounts of biomass (on 170 the basis of dry biomass) were loaded.
171
As a first important result, the experiments revealed that 172 the biogas quantity produced in the fermenters was strongly 173 dependent on the species. The green freshwater alga C. rein-
174
hardtii was identified as the most efficient biogas substrate 175 (587 ml ± 8.8 SE g VS −1 ), followed by the halophilic green alga D.
176 salina (505 ml ± 24.8 SE g VS −1 ). Compared to the standard sub-177 strate control Z. mays silage (653 ml ± 37.7 SE g VS −1 ), these two 178 algae produced 90% (C. reinhardtii) and 77% (D. salina) of the bio-179 gas amount ( Fig. 1) , respectively. Application of biomass from the 180 prokaryotic cyanobacterium A. platensis or the euglenoid alga E.
181
gracilis as substrates also resulted in comparably high biogas pro-182 duction (both 74% of the control) with 481 ml ± 13.8 SE g VS −1 for 183 A. platensis and 485 ml ± 3 SE g VS −1 for E. gracilis, respectively. Bio-184 gas production from C. kessleri was significantly lower (335 ml ± 7.8 concept. J. Biotechnol. (2010) SE g VS −1 , 51% of the control), but still superior compared to S.
186
obliquus (287 ml ± 10.1 SE g VS −1 , 44% of the control), which repre-187 sented the worst strain in terms of anaerobic degradability (Fig. 1) .
188
These results clearly showed that the suitability of microalgae for 189 anaerobic fermentation and biogas production cannot be predicted The degree of cell degradation is crucial for the conversion 218 efficiency from algae biomass to biogas. Consequently, we inves- Here, very few (Fig. 3B, arrow) or no (Fig. 3C) (Takeda, 1991 (Takeda, , 1996 . The cell wall 247 of S. obliquus has been described as particular rigid because it con- shown that Scenedesmus can utilize a wide variety of sugars (e.g. production than the C. reinhardtii substrate (Figs. 1 and 2) . our case a typical Chlamydomonas pellet after centrifugation con-296 tained ca. 6% VS and 94% water. For transportation and storage it 297 could be desirable to use dry algal biomass instead of algal biomass 298 concentrate. We therefore tested the effect of drying of the sub-299 strate on biogas fermentation. As can be seen in Fig. 4 , drying of the 300 biomass resulted in a general decrease of around 20% of the biogas 301 production potential.
302
This was true for the control, Z. mays (−21 ± 2.4%) and also 303 for the two algal cell lines tested, C. kessleri (−23 ± 2.8%) and C. is detrimental in terms of biogas production and should be avoided.
310
Since drying of the biomass would require energy of some sort 311 it can be concluded that the most energy efficient way of using Industrial large scale growth of microalgae still is in its infancy 319 and the algae biomass therefore rather expensive. The general con-320 sensus today seems to be that biorefinery concepts have to be 321 adopted to achieve economical feasibility, where algae are used 322 to produce a valuable substance prior to being subjected to fer-323 mentation (Chisti, 2007; Schenk et al., 2008; Spolaore et al., 2006; 324 Stephens et al., 2010) . The green microalga C. reinhardtii has the 325 ability to produce biosolar hydrogen (H 2 ) under anaerobic con-326 ditions (Doebbe et al., 2007; Hemschemeier et al., 2009; Kruse 327 Fig. 4. The influence of drying and hydrogen production as pretreatments on the biogas production potential of the substrate. Fresh biomass (F) was directly used for fermentation or dried (D) at 105
• C for 24 h prior to fermentation. In addition, C. reinhardtii cells were subjected to hydrogen production and fresh biomass subsequently used for fermentation (F/H2). Equal amounts on the basis of dry biomass were loaded. The gas amount produced by fermenters without substrate addition (negative control) was subtracted. Z.m., Zea mays; C.k., Chlorella kessleri; C.r., Chlamydomonas reinhardtii. we found that the biogas yield increased to 123% (±3.7) compared 337 to fresh algal biomass when biomass after the hydrogen produc-338 tion cycle was used (Fig. 4) . As has been shown previously, storage 
Conclusions

349
In this work we investigated the potential of six dominant 350 microalgal strain for biogas production and evaluated drying and 351 hydrogen production as pretreatments prior to the anaerobic fer- However, the biogas production potential is strongly dependent 358 on the algal strain used. From our data we cannot draw the simple 359 conclusion that certain algal genera are more suitable than others.
360
In our study, the best and the worst biogas substrates actually were 
